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Abstract. The pulsed, beamwidth-limited atmospheric radar
suffers from a ﬁnite resolution volume, making it difﬁcult to
resolve the small-scale irregularity structure of refractive in-
dex (or clear-air turbulence) in the scattering region. Multi-
receiver and multi-frequency imaging techniques were thus
proposed to improve the spatial resolution of the measure-
ments in the ﬁnite resolution volume. The middle and up-
per atmosphere radar (MUR; 34.85◦ N, 136.10◦ N) possesses
the capabilities of 5 frequencies, ranging from 46 MHz to
47MHz, and up to 25 receivers to carry out the imaging tech-
niques. In this paper, we exhibit the three-dimensional (3-D)
radar imaging utilizing ﬁve frequencies and 19 receivers of
the MUR. The Capon method was employed for the process
of imaging, and examinations of a wavy layer and turbulent
structures were made, in which the spatial weighting effect
on the imaging were mitigated beforehand. Information such
as echo center and structure morphology in the resolution
volume was then extracted. For example, the location distri-
bution of echo centers could imply the traveling orientation
of the wavy layer, which was correspondent with horizon-
tal wind direction. Such information of wavy layer structure
was more difﬁcult to disclose without removal of the spatial
weighting effect. This paper demonstrates an advanced ap-
plication of 3-D radar imaging to some practical atmospheric
phenomena.
Keywords. Meteorology and atmospheric dynamics (turbu-
lence) – radio science (interferometry; signal processing)
1 Introduction
Three-dimensional (3-D) radar imaging using multi-receiver
and multi-frequency is an advanced technique implemented
in the UHF and VHF atmospheric radars to reconstruct the
3-D structures of refractivity irregularities in the atmosphere
(i.e., clear-air turbulence), providing a spatial resolution at
meter scale for the irregularity structures in the resolution
volume (or the radar volume) (Yu and Palmer, 2001). There
have been several VHF atmospheric radars in the world that
can achieve multi-receiver and multi-frequency operations
simultaneously, for example, the middle and upper atmo-
sphere radar (MUR) (Hassenpﬂug et al., 2008), the OSWIN
VHF radar (Chen and Zecha, 2009), the Chung-Li VHF radar
(Chen et al., 2009), and so on. The latter two, however, have
not made a complete operation/analysis of 3-D radar imaging
yet.Recently,theMiddleAtmosphereAlomarRadarSYstem
(MAARSY) in Norway is one more VHF atmospheric radar
which will fulﬁll multi-receiver and multi-frequency oper-
ations in the near future (Latteck et al., 2012). Among the
plentiful studies of radar imaging, Hassenpﬂug et al. (2008)
demonstrated the ﬁrst use of operational 3-D radar imaging
with ﬁve frequencies and 19 receivers of the MUR, and illus-
trated full 3-D views of a Kelvin–Helmholtz billow structure.
Mostly, the radar echoes received by multi-receiver and
multi-frequency were treated separately for 2-D angular
structure and for 1-D beam-direction structure, given the
terminologies of coherent radar imaging (CRI) (Woodman,
1997; Palmer et al., 1998) and range imaging (RIM) (Palmer
et al., 1999) or frequency-domain interferometric imaging
(FII) (Luce et al., 2001). With CRI and/or RIM, there
have been plenty of applications to the atmosphere, such as
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scattering mechanisms and dynamics in polar mesosphere
summer echoes (PMSE) (Yu et al., 2001), small-scale vari-
ability of precipitation (Palmer et al., 2006), mitigation of
bird contamination (Chen et al., 2007), effect of Kelvin–
Helmholtz instability (KHI) on mean vertical wind (Chen et
al., 2008a), KHI triggered by inertia-gravity wave (Luce et
al., 2008), imaging of equatorial spread F (Chau et al., 2008),
clutter suppression (Yu et al., 2010), measurement of aspect
sensitivity of refractivity irregularities (Chen and Furumoto,
2013), applications to UHF radar (Chilson et al., 2003) and
mobile weather radar (Isom et al., 2013), derivation of hori-
zontal wind velocities (Sureshbabu et al., 2013), and so on.
In the processes of CRI and RIM, however, it is known
that the radar beam (or antenna pattern) and range-weighting
functions of the radar system have spatial weighting effect on
the radar echoes. It is thus essential to remove these weight-
ing effects from the imaging results to yield a more applica-
ble imaging map in some circumstances. Nevertheless, re-
moval of these weighting effects using theoretical mathe-
matic forms may sometimes lead to an unrealistic aspect near
the edge of the imaging map. To overcome such difﬁculty,
the concept of adjustable weighting function was proposed
for RIM (Chen and Zecha, 2009), CRI (Chen and Furumoto,
2011), and 3-D radar imaging (Chen et al., 2011). Based on
the concept of adjustable weighting function and the associ-
ated analysis methods in the references, we fulﬁlled the 3-D
imagingofsomeatmosphericstructurestomakeanadvanced
application of multi-receiver and multi-frequency technique.
In the literature, practical uses of 3-D radar imaging are not
many. In view of this, more applications of the 3-D imaging
technique to some speciﬁc atmosphere phenomena are worth
carrying out.
Section 2 reviews the beam- and range-weighting effects
on the radar imaging. Adaptable beam-weighting and range-
weighting functions are given brieﬂy for the present study.
Section 3 shows the 3-D imaging of a wavy layer as well as
some small-scale variations of echoing structures in the radar
volume. In Sect. 4, the atmospheric information extracted
from the 3-D imaging structures is discussed. Conclusions
are stated in Sect. 5.
2 Observation and spatial weighting effect
2.1 Observations
The radar echoes for 3-D radar imaging were collected by
the MUR on 9–10 February, 2006. Only the data collected
between 20:27–20:42UT on 9 February (05:27–05:42LT
on 10 February), 2006, were used for the purpose of this
case study. Figure 1 displays the array conﬁguration of the
MUR, where the full antenna array can be partitioned into
25 antenna groups for reception (i.e., the sub-arrays denoted
from A1 to F5). In the experiment, the full antenna array
was utilized for transmission in vertical, ﬁve equally spaced
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Figure 1. Array configuration of the MUR. Twenty-five antenna groups for 
transmission/reception are indicated from A1 to F5. The diameter of the array field is 
about 103 m. The highlighted subarrays, as well as the full array, are employed for 
reception in the experiment, but the data of F1 subarray are not used in the study. 
 
 
 
Figure 1. Array conﬁguration of the MUR. Twenty-ﬁve antenna
groups for transmission/reception are indicated from A1 to F5. The
diameter of the array ﬁeld is about 103m. The highlighted subar-
rays, as well as the full array, are employed for reception in the
experiment, but the data of F1 subarray are not used in the study.
frequencies at 46.00, 46.25, 46.50, 46.75, 47.00MHz were
transmitted sequentially during each pulse, and 21 antenna
groups (i.e., receiving channels) were functioned to collect
the data of each frequency, respectively. The antenna groups
for reception are highlighted in Fig. 1, except for the full ar-
ray which was also one of the 21 receiving channels. Inter-
pulse period (IPP) and pulse length were 400 and 1µs, re-
spectively. The number of coherent integrations was 128,
providing a data time resolution of 0.256s for each trans-
mitter frequency. Sampling time step was 1µs, giving a
range step of 150m. The sampling range was between 3 and
22.2km.
In the process of RIM, the echoes collected from the full
antenna array were used. In the process of CRI, the 19 re-
ceiving channels excluding the full array and F1 group were
employed (termed as Txfull/Rx1 mode hereafter), which were
also used with the multi-frequency data for the 3-D radar
imaging. Every 32 data points were used for an estimate of
cross-correlation function, giving a time resolution of about
8s. The Capon method was employed for 3-D radar imaging.
Readers can refer to the appendix for the basic algorithm of
3-D radar imaging. More description of the radar capability
can be found in Hassenpﬂug et al. (2008).
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2.2 Equations for beam-weighting effect
In the present experiment, the full antenna array was used
for transmission, and the echoes collected from 19 re-
ceivers were applied to CRI. As proposed by Chen and
Furumoto (2011), the effective beam-weighting function
(BWF) suitable for this operational mode (Txfull/Rx1) can
be expressed as
W2(θ) = exp(−
θ2
2θ2
e
), (1)
θe =
c3θ2
eo +c4
SNR+10
+θeo, (2)
θeo = c1|θ|3 +c2, (3)
where W2(θ) is the two-way BWF, θe is the effective
beamwidth, SNR is the signal-to-noise ratio of the echoes
in dB, and θeo indicates the effective beamwidth at in-
ﬁnite SNR. The variable θ is the angle with respect to
the beam direction. The four coefﬁcients, (c1, c2, c3,
c4)=(0.0096, 3.1803, 1.4751, −9.7430), were obtained from
ﬁtting processes with the echoes collected by Chen and
Furumoto (2011) for the operational mode Txfull/Rx1. Equa-
tions (2)–(3) are empirical, which contain the factors of SNR
and θ, and may have different forms for various operational
modes of the MUR as well as other radar systems. In ad-
dition, Eq. (2) is valid for SNR>−10dB to give a positive
value of θe.
2.3 Equations for range-weighting effect
The range-weighting function (RWF) is a convolution re-
sult between pulse envelope and system impulse response,
in which the system impulse response is the inverse Fourier
transform of the receiver ﬁlter function. Although a theoret-
ical Gaussian RWF is commonly assumed for a rectangular
pulseshapewithitsmatchedﬁlter(Franke,1990),somestud-
ies have proposed various shapes of RWF for different com-
binations of pulse shapes and receiver ﬁlter functions in the
practical process of RIM (Chen and Zecha, 2009). Chen and
Zecha (2009) also contributed the concept of adaptable RWF
for improving the continuity of the imaged powers (or bright-
ness)aroundtheboundariesofthesamplinggates;theirRWF
is adaptive to SNR. A more recent study made by Chen et
al. (2014) further proposed an improved RWF that is adap-
tive to SNR and range within the sampling gate; these RWFs
could be useful for some practical data analysis, for example,
extending the RIM process to a larger range extent for 3-D
radar imaging in a sampling gate. To have suitable expres-
sions of adaptable RWF for use of the present study, we re-
examined the MUR data demonstrated by Chen et al. (2014)
that were oversampled but employed the same pulse enve-
lope and receiver ﬁlter function with the present experiment.
A set of equations for RWF were obtained as follows:
W2(r) ∼ = exp(−
r2
2σ2
r
) = exp(−
r2
σ2
z
), (4)
σz =
a3σ3
zo +a2σ2
zo +a1σzo +ao
(SNR+10)1.2 +σzo, (5)
σzo = b1|r|3 +b2, (6)
where W2(r) is the two-way RWF, σr is the standard devi-
ation of the Gaussian RWF, and σz is deﬁned as the effec-
tive standard deviation of W2(r) in this paper. SNR is in dB.
σzo indicates the effective standard deviation of W2(r) at in-
ﬁnite SNR. The variable r is the range with respect to the
range center of the sampling gate. The coefﬁcients, (a0, a1,
a2, a3)=(−10742.923, 312.5499, −2.7278, 0.0080723) and
(b1, b2)=(1.1457×10−5, 73.4538), were obtained from ﬁt-
ting processes with the MUR data used in Chen et al. (2014).
Note again, Eqs. (5)–(6) are empirical, which are adaptive to
SNR and r, and may have different forms for various radar
parametersas wellas other radar systems.In addition,Eq. (5)
is valid for SNR>−10dB. Equations (4)–(6) have the simi-
lar forms to Equations (1)–(3).
Figure 2 demonstrates the effect of range- and SNR-
dependent RWF on a RIM case. For a discussion with wind
ﬁeld later, the time starts from the right side of the abscissa.
In the panel a, the RIM was executed for each sampling gate
within the range extent of −75 to 75m. The range step of
imaging was 1m and the time step was about 16s. Equa-
tions (5) and (6) were employed for correcting the RWF ef-
fect of individual sampling gate. As seen, a wavy layer ap-
pearedinthesamplinggatecenteredat5.325km.Thepanelb
is the RIM with the commonly deﬁned RWF (i.e., σz = 75m
or σr ≈ 53m in Eq. 4) in correction of the imaged power.
As seen, the discontinuity or over correction of the imaged
power at gate boundaries is evident as compared with the
panel a. If the RWF effect is not corrected, the absence of the
imaged power occurs very often at gate boundaries, as ob-
served in the panel c. Accordingly, we can adopt the range-
and SNR-dependent RWF for the present case.
In theory, the imaging process can be extended to the loca-
tion outside the pulse-deﬁned range extent, in case the RWF
effect can be compensated thoroughly. In practice, it may not
be workable to extend the imaging process too far from the
range center. The panels d–f examined this issue in more
detail with the wavy layer in the sampling gate centered at
5.325km. In the panel d, the RIM of the wavy layer was per-
formed between −150 and 150m only for the sampling gate
centered at 5.325km, and the SNR- and range-dependent
RWF was employed. As a result, the obtained wavy layer
structure was very close to that in the panel a. By contrast,
the RIM with the commonly deﬁned RWF (i.e., σz = 75m or
σr ≈ 53m in Eq. 4) in correction of the imaged power is dis-
played in the panel e, in which over correction of the imaged
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(a) Six-gate RIM: z adaptive to SNR and range          (d) One-gate RIM: z adaptive to SNR and range 
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Figure 2. Range imaging of a wavy layer, observed by the MUR. The range step of imaging is 1 m, and 
time resolution is about 16 s. The time starts from the right side of the abscissa. (a) Range imaging for six 
sampling gates with range centers at 4.725km, 4.875km, 5.025 km, 5.175 km, 5.325 km, and 5.475 km, 
respectively. Imaging process of each gate is from -75 m to 75 m with respect to the range center of the 
sampling gate, and SNR- and range-dependent RWF is used in correction of brightness value. (b) and (c) 
are similar to (a) but with a commonly defined RWF in (b) and without correction of RWF in (c). The 
three panels of (d)(e)(f) are the imaging results for the sampling gate centered at 5.325 m, but the imaging 
process is from -150 m to 150 m with respect to the range center of the sampling gate and uses different 
RWFs in correction of brightness value. The numbers given in the panel (d) denote the time slots. 
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Figure 2. Range imaging of a wavy layer, observed by the MUR. The range step of imaging is 1m, and time resolution is about 16s. The
time starts from the right side of the abscissa. (a) Range imaging for six sampling gates with range centers at 4.725, 4.875, 5.025, 5.175,
5.325, and 5.475km. Imaging process of each gate is from −75 to 75m with respect to the range center of the sampling gate, and SNR- and
range-dependent RWF is used in correction of brightness value. (b) and (c) are similar to (a) but with a commonly deﬁned RWF in (b) and
without correction of RWF in (c). The three panels of (d), (e) and (f) are the imaging results for the sampling gate centered at 5.325km, but
the imaging process is from −150 to 150m with respect to the range center of the sampling gate and uses different RWFs in correction of
brightness value. The numbers given in the panel (d) denote the time slots.
power can be seen around the upper and lower edges of the
imaging map. Such an over correction of the imaged power
can be mitigated but still visible when the SNR-dependent
RWF was employed, as shown in the panel f. For producing
the panel f, we have used the following form for the SNR-
dependent RWF:
σz =
1
a
(SNR+10)C +b
−d, (7)
where the coefﬁcients, (a, b, c, d)=(−0.025073, 0.024557,
0.2, 0), were obtained by ﬁtting the present radar data with
the computing process suggested by Chen and Zecha (2009).
Note that SNR should be larger than −10dB to give a non-
negative value of σz.
In view of the comparison in Fig. 2, the RWF adaptive to
SNR and range is more suitable for extending the imaging
to the locations outside the pulse-deﬁned range extent; it can
avoid sudden change of the brightness value at gate bound-
aries and provide a smoother imaging structure through the
coverage of a sampling gate. Nevertheless, it should be no-
tiﬁed here that the SNR- and range-dependent RWF is not
a must for all circumstances. Usually, the SNR-dependent
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RWF proposed by Chen and Zecha (2009) or Chen et
al. (2009) is enough for a normal RIM within the pulse-
deﬁned range extent (i.e., −75 to 75m for the present ex-
periment).
3 Three-dimensional structure of a wavy layer
For the wavy layer shown in Fig. 2d, the 3-D structures at
various time slots were examined. Some typical results are
shown in Figs. 3 and 5. For clarity of inspection, the con-
toured angular brightness distributions of nine slices at range
locations of −120, −90, −60, −30, 0 (range center), 30, 60,
90, and 120m are displayed. The unit of brightness value was
dB, but normalization was made for individual time slots.
The thick dashed curve in black links the major echo centers
at several range locations in the contour plot for convenience
of inspection.
In Figs. 3 and 5, two kinds of RIM are also displayed on
the range-meridional plane: one is the sum of the brightness
values at equal-range surface (termed as summed-RIM, rep-
resented with black solid curve), which is analogous to the
traditional 1-D RIM; the other is the proﬁle of the bright-
ness values at zenith direction (termed as zenith RIM, indi-
cated by red solid curve). Since the RIM can reveal the layer
structure along the range direction, the zenith RIM indicates
a thinner layer structure than the summed RIM although the
difference between the two RIM proﬁles is not very large.
This can be attributed to the function that the zenith RIM re-
jects the echoes at off-zenith directions. The beneﬁt of zenith
RIM in 3-D radar imaging has been proposed by Hassenpﬂug
et al. (2008) and Yu et al. (2010), for example, suppressing
the aircraft echoes at off-zenith angles to produce the layer
structures with less interference. However, Hassenpﬂug et
al. (2008) also pointed out that the zenith RIM from 3-D
radar imaging has lower resolution than 1-D RIM (i.e., re-
trieved solely from the multi-frequency data collected by the
full-array receiving channel and with a vertical radar beam).
In Fig. 3, the time slots 4, 3, and 2 indicated in Fig. 2d
are displayed, which were around a hump of the wavy layer.
Notice that the main body of the wavy layer at the three
time slots was located below the range center (see Fig. 2).
Panel a of Fig. 3 shows the imaging structures without cor-
rection of spatial weighting effect (termed as original imag-
ing hereafter) at the three time slots, and the panel b gives
the imaging structures after correction of spatial weighting
effect (termed as modiﬁed imaging hereafter). As observed
at the time slot 3, two echo centers can be revealed clearly
below the range location of 30m in the modiﬁed imaging; by
contrast, the two echo centers are not obvious in the original
imaging. On the other hand, the time slots 2 and 4 had the
echo centers at opposite zonal directions, which can be dis-
closed more clearly in the modiﬁed imaging. Such features
can be explained with the schematic plot of a wavy layer in
Fig. 4, in which the time instants t2, t3, and t4 correspond to
the time slots 2, 3, and 4 indicated in Fig. 2d, respectively. At
the time instant t3, the echoes may come from both sides of
the crest, giving two echo centers at both sides of the zenith
in the imaging map. At the time instants t2 or t4, the echoes
return mainly from the right or left side of the crest, giving
the echo center at positive or negative zenith angle.
More examinations have demonstrated that the 3-D radar
imaging can disclose the variation of echo center with range
location in the sampling gate. Two more situations at the time
slots 12 and 20 are shown in Fig. 5. At time slot 12, the main
echocenterwasaroundtherangelocationof−45mandfrom
positivezonaldirection.Withincreaseofrange,theechocen-
ter shifted to negative zonal direction. Such a variation of
echo center with range location can be ﬁgured out accord-
ing to the radar beam location at time instant t12 in Fig. 4.
As illustrated, the body of the wavy layer is very slanted in
the illumination volume. The 3-D radar imaging can retrieve
such slanted structure in the illumination volume, yielding
the imaging map at time slot 12. By contrast, the body of
the wavy layer at time instant t20 shows an opposite slope to
that at time instant t12, giving the imaging map exhibited in
Fig. 5.
4 Discussion
In the previous section, we illustrate the capability of 3-D
radarimagingfortheMUR.Furtherapplicationsoftheimag-
ing results are demonstrated in this section.
4.1 Case 1
The ﬁrst case is the wavy layer shown in Fig. 2d. The angular
locations of echo centers estimated at nine range locations
(i.e.,atthenineslicesinFig.3),aredisplayedinFig.6forthe
whole time period, where the panel a shows the echo centers
estimated from the original imaging, and the panel b displays
the echo centers obtained from the modiﬁed imaging. The
method for determination of the locations of echo centers is
the contour-based approach proposed by Chen et al. (2008b).
The echo centers estimated from the modiﬁed imaging are
supposed to be applicable if the spatial weighting effect has
been removed properly. Nevertheless, in Fig. 6 we discarded
the echo centers with brightness value lower than 30% of
the maximum brightness level for raising the reliability of
echo center distribution. Moreover, the situations of single
and multiple echo centers were displayed separately for a
more detailed inspection. In panel a of Fig. 6, the echo cen-
ters clustered around zenith, and most of them were the sit-
uation of single center (see the middle and right-hand plots).
After correction of spatial weighting effect, however, multi-
center situation was disclosed to be plentiful, as seen in the
right-hand plot of the panel b. In addition, we can observe a
clear northeast–southwest arrangement of echo center loca-
tions from the multi-center locations.
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Figure 3. 3-D radar imaging results at the time slots 4, 3, and 2 (from left to right) indicated in Figure 
2(d). The 2-D contoured brightness distributions of nine slices at range locations of -120m, -90m, -60m, 
-30m, 0 m (range center), 30m, 60m, 90m, and 120m are displayed. The unit of the brightness value is dB, 
but normalization is made for individual time slot. (a) and (b) are the imaging results, respectively, with 
and without correction of spatial weighting effect. The thick dashed curve in black links the major echo 
centers at several range locations. Black spot is the central location of the radar volume. Two types of 1-D 
RIM profiles are shown on the range-meridional plane: (black) summation of the brightness values at 
equal-range surface, (red) the brightness values along the zenith direction.   
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Figure 3. 3-D radar imaging at the time slots 4, 3, and 2 (from left to right) indicated in Fig. 2d. The 2-D contoured brightness distributions
of nine slices at range locations of −120, −90, −60, −30, 0, 30, 60, 90, and 120m are displayed. The 0m location corresponds to the range
of 5.325km. The unit of the brightness value is dB, but normalization is made for individual time slot. (a) and (b) are the imaging results,
respectively, with and without correction of spatial weighting effect. The thick dashed curve in black links the major echo centers at several
range locations. Black spot is the central location of the radar volume. Two types of 1-D RIM proﬁles are shown on the range-meridional
plane: (black) summation of the brightness values at equal-range surface, (red) the brightness values along the zenith direction.
The northeast–southwest arrangement of echo center lo-
cations can be explained with the morphology of the wavy
layer sketched in Fig. 4, assuming the wavy layer travels with
a sheared horizontal wind in the northeast direction and the
wave shape is slanted to the leeward due to the wind-shear
effect. In such circumstance, the wavefront of the wavy layer
is in the northwest–southeast direction. For this slanted wavy
layer, the radar echoes return mostly from either left or right
sides of the crest, leading to the location distribution of echo
centers in northeast–southwest arrangement. Moreover, the
radar echoes prefer coming from the upstream side of the
crest (Chen et al., 2008a), that is, the southwest direction for
the present case. This is veriﬁed by the values of Zd and Md
given in each plot. Zd (or Md) is the difference between the
numbers of positive angles and negative angles in zonal (or
meridional) direction, presented as a percentage of the total
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Figure 4. A wavy layer structure in a wind-sheared atmosphere. Radar beam is vertical. tn 
denotes different observational times corresponding to the time slots indicated in Fig. 2(d). 
 
 
 
 
Figure 4. A wavy layer structure in a wind-sheared atmosphere.
Radar beam is vertical. tn denotes different observational times cor-
responding to the time slots indicated in Fig. 2d.  
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Figure 5. Same as Figure 3, but showing the imaging results at the time slots 20 and 12 indicated 
in Figure 2(d). Mitigation of spatial weighting effect is made. 
 
Figure 5. Same as Fig. 3, but showing the imaging results at the
time slots 20 and 12 indicated in Fig. 2d. Mitigation of spatial
weighting effect is made.
number in each plot. Referring to the left-hand plot includ-
ing single- and multi-center situations, both values of Zd and
Md were below zero apparently no matter in the original or
modiﬁed 3-D imaging; this implies more echo centers in the
lower-left part of the plot and reveals the scenario sketched
in Fig. 4.
To validate the above inference, wind ﬁeld was examined.
The upper panel of Fig. 7 shows the mean Doppler velocity
of 64-point spectrum from the full-array receiving channel.
Such obtained Doppler velocity is a combination of vertical
and horizontal winds although the transmitted radar beam is
vertical. It is noticed that the time variation in Doppler ve-
locity between 4.8 and 5.4km was consistent with the wavy
layer pattern, that is, the Doppler velocity was downward
(upward) on the upstream (downstream) side of the crest (re-
fer to Fig. 4 for the schematic plot of the wavy layer). Since
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(b) from modified 3-D imaging 
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Figure 6. Angular locations of echo centers at range locations of -120m, -90m, -60m, -30m, 0m, 30m, 
60m, 90m, and 120m in the sampling gate centered at 5.325 km. (a) and (b) result from the 3-D radar 
imaging of the wavy layer structure with and without correction of spatial weighting effect, respectively. 
The left-hand plots show all estimates, and the middle and right-hand plots display the situations of single 
center and multiple centers, respectively. 
 
 
Figure 6. Angular locations of echo centers at range locations of
−120, −90, −60, −30, 0, 30, 60, 90, and 120m in the sampling
gate centered at 5.325km. (a) and (b) result from the 3-D radar
imaging of the wavy layer structure with and without correction of
spatial weighting effect, respectively. The left-hand plots show all
estimates, and the middle and right-hand plots display the situations
of single center and multiple centers, respectively.
the radar echoes were returned mainly from both sides of
the crest due to the tilt structure of the wavy layer, the ve-
locity component projecting from horizontal movement of
echoing regions could be the major part of the Doppler ve-
locity for the vertical beam. For example, the Doppler veloc-
ity is ∼0.35ms−1 when the radar target is located at 2◦ off
zenith and travels horizontally at a speed of 10ms−1. This
value of Doppler velocity is comparable to that shown here.
The horizontal wind with a speed of 10ms−1 is common in
the atmosphere, as shown in the panel b of Fig. 7. To esti-
mate horizontal wind, the full correlation analysis (FCA) of
spaced antenna (Briggs, 1984) was employed with the data
sets of subarrays F5, A4, and B4. To obtain more reliable
wind values from FCA, 512 data points were used, result-
ing in a time step of about 4.5min. As seen in the panel b,
the horizontal wind blew toward the northeast direction ap-
proximately, which could propel the wavy layer structure to
the northeast–southwest direction. Accordingly, the speciﬁc
location distribution of echo centers in Fig. 6b makes sense
indeed. Note also the wind shear occurring in the range in-
terval between 5.2 and 5.4km, which can deform the wavy
layer into that sketched in Fig. 4.
It is worth an examination if the above achievement of 3-
D radar imaging can be acquired from 2-D radar imaging
(CRI) or not. This is illustrated in Fig. 8, where the echo cen-
ters obtained from the CRI are shown. Except for the case of
single center that was in small number, the locations of echo
centers were more scattered than those of 3-D radar imag-
ing, even the BWF effect has been mitigated for the CRI (the
panel b). Moreover, the values of Zd and Md in the left-hand
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Figure 7: (upper) mean Doppler velocity estimated from the Doppler spectrum of 64 data points 
of the vertical beam, and (lower) horizontal wind derived from full-correlation analysis of spaced 
antenna with 512 data points. 
Figure 7. (Upper) mean Doppler velocity estimated from the
Dopplerspectrumof64datapointsoftheverticalbeam,and(lower)
horizontal wind derived from full-correlation analysis of spaced an-
tenna with 512 data points.
twoplotswereclosertozeroascomparedwithFig.6.Inview
of these features, the CRI did not disclose the orientation of
the wavy layer as clearly as the 3-D radar imaging. In ad-
dition to the above consequence, we can also observe in the
CRI that multiple-center situation is more plentiful than the
single-center situation, which contrasted with the result of 3-
Dradarimaging; thisisinterpretable.TheCRI isacomposite
result along the range direction, and so the echoes at differ-
ent range locations are superimposed. In case more than one
scattering center are located at different directions and range
locations, there may be several echo centers in the 2-D angu-
lar brightness distribution. In view of this, the beneﬁt of 3-D
radar imaging with correction of spatial weighting effects is
evident, for this case at least.
4.2 Case 2
Case 1 is a deﬁnite wavy-layer structure. In Fig. 2a, we can
observe different turbulent structures below ∼5km, which
are contrasting with the wavy layer structure. We examined
the echoes in the sampling gate between 4.8 and 4.95km for
comparison with the ﬁrst case. The location distribution of
echo centers from 3-D radar imaging, like that in Fig. 6, are
shown in Fig. 9. Compared with the case of wavy layer, the
echo centers in Fig. 9 were more scattered in both original
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(b) from modified 2-D imaging 
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Figure 8. Similar to Figure 6, but resulting from the 2-D radar imaging of multi-receiver echoes. 
 
Figure 8. Similar to Fig. 6, but resulting from the 2-D radar imaging
of multi-receiver echoes.
 
(a) from original 3-D imaging 
−6 −4 −2 0 2 4 6
−6
−4
−2
0
2
4
6
Direction of Arrival
Zonal (deg)
M
e
r
i
d
i
o
n
a
l
 
(
d
e
g
)
Zd=−29% Md=−22%
−6 −4 −2 0 2 4 6
−6
−4
−2
0
2
4
6
Direction of Arrival
Zonal (deg)
M
e
r
i
d
i
o
n
a
l
 
(
d
e
g
)
Zd=−32% Md=−22%
−6 −4 −2 0 2 4 6
−6
−4
−2
0
2
4
6
Direction of Arrival
Zonal (deg)
M
e
r
i
d
i
o
n
a
l
 
(
d
e
g
)
Zd=−22% Md=−20%
 
 
(b) from modified 3-D imaging 
−6 −4 −2 0 2 4 6
−6
−4
−2
0
2
4
6
Direction of Arrival
Zonal (deg)
M
e
r
i
d
i
o
n
a
l
 
(
d
e
g
)
Zd=−29% Md=−24%
−6 −4 −2 0 2 4 6
−6
−4
−2
0
2
4
6
Direction of Arrival
Zonal (deg)
M
e
r
i
d
i
o
n
a
l
 
(
d
e
g
)
Zd=−26% Md=−31%
−6 −4 −2 0 2 4 6
−6
−4
−2
0
2
4
6
Direction of Arrival
Zd=−32% Md=−14% (all)                  (single)                         (multi.)
Zonal (deg)
M
e
r
i
d
i
o
n
a
l
 
(
d
e
g
)
             
             
(all)                  (single)                         (multi.)
 
 
Figure 9. Similar to Figure 6, but obtained from the echoes in the sampling gate between 4.8 km 
and 4.95 km. 
 
Figure 9. Similar to Fig. 6, but obtained from the echoes in the
sampling gate between 4.8 and 4.95km.
and modiﬁed imaging results, which was mainly due to the
scattering distribution of multiple centers shown in the right-
hand plots. Such feature seems in consistent with the spatial
characteristics of turbulent structures. More noticeable infor-
mation is that the values of Zd and Md were negative and
comparable to those in Fig. 6, also indicating a favorite di-
rection of southwest for the radar echoes.
5 Conclusions
Three-dimensional (3-D) radar imaging using multi-receiver
and multi-frequency has been applied to retrieve the atmo-
spheric structure within the radar volume. The observation
was executed with the middle and upper atmospheric radar
(MUR). We have shown the variations of echo centers in the
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radar volume, verifying the capability of 3-D radar imaging
in providing high-resolution structure.
To make a more sophisticated study with 3-D radar imag-
ing, our examinations have considered the beam- and range-
weighting effects on the radar echoes. Several equations
adaptivetooff-beamdirection,SNR,andrangelocationwere
used to mitigate the spatial weighting effect for the present
radar system and experimental mode. We have demonstrated
the beneﬁt of mitigating the spatial weighting effect for a
wavy layer structure. For example, the location distribution
of echo centers in the radar volume could indicate the travel-
ing direction of the wavy layer structure. Such feature of 3-D
imaging structure was found to be associated closely with
wind ﬁeld. In comparison, the above feature of 3-D imaging
structure was more difﬁcult to disclose without mitigation of
spatial weighting effect, and it could not be found easily from
the2-Dradarimaging(CRI)withonlymulti-receiverechoes.
An examination of turbulent structures was also made with
the 3-D imaging technique. Compared with the case of wavy
layer, the estimated echo centers were more scattered, con-
forming with the spatial characteristics of turbulent struc-
tures. In addition, in both cases the upstream side of the radar
beam (i.e., the southwest direction) was the favorite incident
direction of the radar echoes, which is possibly due to the
slanted layer/turbulence structures caused by wind shear ef-
fect.
The two cases shown in this paper have exhibited some
potential applications of 3-D radar imaging implemented in
the VHF atmospheric radar. In view of rare publications of 3-
D radar imaging in the atmospheric radar community, more
studieswiththebeneﬁtofmulti-receiverandmulti-frequency
technique are worth carrying out in the future.
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Appendix A: Equations of 3-D radar imaging
An original and more detailed description of 3-D radar imag-
ing for the atmosphere can refer to Yu and Palmer (2001),
and a simpliﬁed introduction was given by Chen et
al. (2011). The following equations are extracted from Chen
et al. (2011).
Given N spatially separated receivers at locations of D1,
D2, ..., Dn and transmitting M carrier frequencies at f1,
f2, ..., fM sequentially during each pulse, the signals from
these receivers and carrier frequencies can be expressed as a
column vector:
S(t) = [S11(t) S12(t) ... S1N(t)
S21(t) S22(t) ... S2N(t)
. . .
SM1(t) SM2(t) ... SMN(t)]T
, (A1)
where the superscript T represents the transpose, and Sij(t)
is the signal from carrier frequency i and receiver j. The
following cross-correlation function of the signal S(t) is re-
quired in the imaging process:
V(t) = S(t)SH(t) =

 


V11 V12 ··· V1M
V21 V22 ··· V2M
. . .
. . .
...
. . .
VM1VM2 ··· VMM

 


, (A2)
where the superscript H represents the Hermitian (conjugate
and transpose) operator. V(t) is a MN×MN matrix (termed
as visibility matrix), and Vpq is a N ×N matrix consisting
of cross-correlation functions between receivers for the fre-
quency pair of p and q. For example,
V2M =

 


S21S∗
M1 S21S∗
M2 ··· S21S∗
MN
S22S∗
M1 S22S∗
M2 ··· S22S∗
MN
. . .
. . .
... ···
S2NS∗
M1 S2NS∗
M2 ··· S2NS∗
MN





, (A3)
where asterisk indicates the conjugate of a complex num-
ber. Note that the time variable t has been omitted from
Eq. (A3) for notational simplicity. Vpq is the estimate of vis-
ibility function without time lag, that is, imaging for different
Doppler frequencies of the signals is not made.
The imaging process is to retrieve the so-called brightness
distribution via the visibility matrix V, deﬁned as
B(a,R) =
1
W2(a,R)
wHVw, (A4)
where a = [sinθ sinϕ,sinθ cosϕ,cosθ], which is the angular
direction at zenithal angle θ and azimuthal angle ϕ. The vari-
able R is the range. W(a,R) is the spatial weighting function
for the echoes in the radar volume, formed by radar beam-
and range-weighting functions. Matrix w is the weighting
vector for retrieving the brightness distribution, given as
w = 
e−j(2k1R−k1a·D1) e−j(2k1R−k1a·D2) ... e−j(2k1R−k1a·Dn)
e−j(2k2R−k2a·D1) e−j(2k2R−k2a·D2) ... e−j(2k2R−k2a·Dn)
. . .
. . .
...
. . .
e−j(2kMR−kMa·D1) e−j(2kMR−kMa·D2) ... e−j(2kMR−kMa·Dn)T
, (A5)
where ki is the wave number of carrier frequency i. Substitut-
ing Eq. (A5) into (A4) yields the so-called Fourier brightness
that has a coarse resolution. To enhance the imaging resolu-
tion, the Capon method is one of the choices:
B(a,R) =
1
W2(a,R)
1
eHV−1e
, (A6)
where e has the same form as Eq. (A5). Equations (A4) and
(A6)indicatethatthebrightnessvalueisweightedbythespa-
tial weighting function W(a,R). Removal of W(a,R) from
the brightness value is thus necessary to improve the recon-
struction of 3-D atmospheric structure.
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